Background: Despite multiple advantages of minimally invasive techniques in spinal surgery, the currently used approaches may lead to postoperative pain and spinal instability. As a natural orifice, the hiatus sacralis offers a nontransmuscular alternative entry point for endoscopic approaches. In this study, we collected data about the complex anatomical conditions of the sacral canal as a basis for the development of a sacral endoscope. Methods: We retrospectively evaluated 192 postmortem human cadaveric specimens with computed tomography (CT). The anatomical conditions of the sacrum and lumbar spine were analyzed, including assessment of the lateral and anteroposterior diameters, measurement of the cross-sectional area of the sacral canal at the lumbosacral transition, hiatus sacralis, and the narrowest point of the sacral canal. Results: The narrowest anteroposterior diameter was >2.3 mm in 95% of the cases; the width was >13 mm in 95% of the cases. The narrowest point was located at the hiatus in 72% of the cases. The angle of sacral kyphosis was less than 30° and less than 50° in lumbar lordosis in 95% of the cases. A length shorter than 288 mm was measured in 95% of the cases. Anatomical conditions in male and female sacra were comparable. Conclusions: The narrow anteroposterior diameter is the key limiting feature for using the canalis sacralis as a natural entry point into the spinal canal. Sacroscopy will require endoscopes with a flattened shape, with parallel arrangement of instruments and flexibility to accommodate the varied dorsal and ventral curvatures.
INTRODUCTION
Epiduroscopic spinal surgery as a minimally invasive procedure was first reported in the 1930s when Burman used arthroscopic equipment for the assessment of spinal pathology. [3] The first use of small flexible fiberoptic scopes was published by Shimoji et al. in 1991. [9] In theory, minimally invasive (MIS) endoscopic techniques offer shorter operating times, short rehabilitation period, and reduced tissue trauma compared with routine open approaches. [6, 13] Despite these advantages, epidural scarring, spinal instability, and operation-induced disorders of the innervation of the back muscles are common complications, often leading to chronic and recurrent back pain. [4, 5, 7, 10, 12] Alternatively, the hiatus sacralis, localized immediately below a thin layer of skin, offers a natural entry point and superficial, potential easier access to the spinal canal while limiting potential muscle damage. Notably, in this series, exploratory use of sacroscopy was aborted in 10% of the cases due to anatomical limitations of the hiatus sacralis. [8] Further investigations of the anatomical conditions of the sacral canal are warranted to develop a viable endoscopic approach.
MATERIALS AND METHODS
Sacral and lumbar spinal anatomical measurements were based on computed tomography (CT) data sets from the Institute of Forensic Medicine associated. Postmortem CT was carried out as a part of the routine forensic investigation, known as "Virtual Autopsy". This included a noninvasive autopsy performed on a human body (developed in Switzerland). We enrolled 192 cases, 18-89 years of age, in whom a CT scan of the abdomen had been performed for forensic appraisal (2009) (2010) [ Table 1 ]. Exclusion criteria are shown in Table 2 . Imaging was executed in supine position on a 6-row multi-slice CT scanner (Somaton Emotion 6, Siemens Medical Solutions, Erlangen, Germany). Raw data acquisition was performed with the following settings: 130 kV; 200 mAs; collimation, 6 × 1 mm whole body. Image reconstruction was performed at slice thickness 1.25 mm with an increment of half the slice thickness in soft tissue, and bone-weighted reconstruction kernel. Image review, multiplanar reconstructions (MPR), and measurements were performed on a PACS-workstation (IDS/, Sectra AB). The lateral and anteroposterior (AP) diameters as well as the sectional area of the sacral canal were recorded at the lumbosacral transition, at the hiatus sacralis, and at the level of the narrowest point of the sacral canal defined by human eyes [ Figures 1-4 ]. Length and bending of the spinal canal were measured from the upper rim of the first lumbar vertebral body down to the hiatus sacralis. Bending is described in angle degrees and was measured in the center of the sacral and lumbar canal, indicated as a difference from the straight line (180°) corresponding to kyphosis and lordosis.
RESULTS
One hundred cases were included in this analysis; 71 were males and 29 were females. Details of age and sex distribution are outlined in Table 1 . As shown in Table 3 , the AP diameter was wider than 2.5 mm in 95% of the cases, whereupon the narrowest point was found at 5-13 mm cranial of the hiatus in 28 cases, other 72 cases showed the narrowest point at the hiatus itself.
The narrowest point of the lateral diameter was found cranial of the hiatus sacralis in 46 cases and measured more than 13 mm in 95% of the cases. The surface areas of the sacral canal ranged 32-147 mm² and 26-159 mm² for females and males, respectively.
Regarding the angles of sacral kyphosis and lordosis see Table 4 . In 11 cases, the angles were 180°, and therefore, did not show any curvature. Measurements of the length from the upper rim of the first lumbar vertebral body to the hiatus sacralis along the spinal canal varied from 210 to 305 mm; however, 97% of the cases presented with lengths <290 mm [ Table 5 ]. None of the cases showed statistically significant differences in anatomical conditions between male and female sacra.
DISCUSSION

Measurement of the anteroposterior diameter
In an autopsy specimen study by Witte et al., [11] data from 117 sacra of cases aged 69 years and older were measured to determine geometric coordinates. They found an average AP diameter of 5 mm at a 90-mm distance in the caudal direction of the lumbosacral transition. At this point, the minimal AP diameter was 2.45 mm. Data of the location of the absolute narrowest point in the sacral canal were not provided. In this study, we found this to be the hiatus in 72% of our cases.
Measurement of the lateral diameter
The lateral diameter in the Witte et al. study measured 14 mm ± 5 mm at the upper rim of S1 and 8 mm ± 5 mm at S4. The distance from the lumbosacral transition to the hiatus sacralis ranged from 85 to 155 mm. They also recorded the degrees of bending of the sacral canal up to 60°. It is yet unclear whether these findings in the geriatric population are applicable to the general population, as degenerative changes might have influenced the dimensions of the sacral canal. Moreover, materials based on autopsy specimens might contain artifacts that jeopardize the conclusions due to manipulation and dissection of the bony structures. To work more precisely and to get closer to the in-vivo status, our measurements were based on CT scans instead of measuring by millimeter grids. However, our measurements were, as mentioned above, made in the supine position. As anatomy most often is position-dependent, measures of the lumbosacral angle might differ in prone position perioperatively.
Suggested use of flexible endoscope
Based on their findings, Witte et al. suggested the use of a flexible circular-shaped endoscope not exceeding a diameter of 4 mm. Due to their measurement and a trial of an arthroscope in five cadavers, they found that an endoscope of 4 mm would require surgical enlargement of the sacral canal to obtain access to the spinal canal in at least 20% of the patients.
Due to our findings of anatomical conditions and to accommodate 95% of the patients we suggest a flat-shaped endoscope having a vertical height of less than 2.5 mm, a width of less than 13 mm, and a minimal length of 290 mm.
Navigation issues with endoscopy
Several studies mentioned technical issues regarding navigation of the flexible but instable endoscope (2.5-3 mm diameter) through the spinal canal. [7, 8] Furthermore, mechanical operations proved to be difficult due to the miniscule size of working tools; for example, extraction of greater tissue components was shown to be difficult. [7] Ruetten et al. also reported hemorrhages during mechanical processing, mostly due to surgical detachment of adhesions found in the dorsal epidural space of patients that had been previously operated upon. [7] With respect to the anatomic conditions of the sacral canal and with consideration of the issues mentioned above, we believe the optimal endoscope should have a flat shape with similarly flattened instruments. Such geometry will provide better access to the spinal canal and will improve stability of the endoscope. A flexibility of 50° in the dorsal direction and 30° in the ventral direction would lead to better guidance. If in rare cases penetration into the spinal canal is interrupted due to a narrow hiatus sacralis, a simple enlargement of the hiatus by 1-2 cm in a cauda-cranial direction could be done to overcome the resistance. The dorsomedian connective tissue band fixing the dura mater to the flaval ligaments and narrowing the epidural space in the midline [1, 2] predisposes the endoscope to be used in the ventral epidural space.
CONCLUSIONS
In conclusion, the hiatus sacralis presents a natural orifice for sacroscopy. It also offers an additional site for MIS. Our study delineates the requirement of a future sacral endoscope, as mentioned above. Further technical studies are warranted for the construction of an adequate endoscope.
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